The activation peptide of mammalian trypsinogens contains a highly conserved tetra-aspartate sequence (D19-D20-D21-D22) preceding the K23-I24 scissile peptide bond, which is hydrolyzed as the first step in the activation process. Here we examined the evolution and function of trypsinogen activation peptides through integrating functional characterization of disease-associated mutations with comparative genomic analysis. Activation properties of three chronic pancreatitis-associated activation peptide mutants (the novel D19A and the previously reported D22G and K23R) were simultaneously analyzed, for the first time, in the context of recombinant human cationic trypsinogen. A dramatic increase in autoactivation of cationic trypsinogen was observed in all three mutants, with D22G and K23R exhibiting the most marked increases. The physiological activator enteropeptidase activated the D19A mutant normally; the D22G mutant was activated very poorly, while activation of the K23R mutant was stimulated.
INTRODUCTION
Pancreatic trypsin (EC 3.4.21.4 ) is a member of the large and diverse serine peptidase family. It is characterized by a catalytic triad composed of a histidine, an aspartic acid, and a serine residue, that specifically cleaves peptide bonds C-terminal to arginine or lysine. Trypsin plays a central role in pancreatic exocrine physiology, because it acts as the trigger enzyme for the activation of all other pancreatic digestive zymogens, as well as its own inactive precursor, trypsinogen (reviewed in Halfon and Craik 1998) .
Historically, trypsin(ogen) has been among the most extensively studied enzyme models of protein structure and function due to its availability in robust quantities from vertebrate pancreas. Bovine trypsin was purified by crystallization in the early 1930s (Northrop and Kunitz 1931) ; almost the entire amino acid sequence of bovine trypsinogen was determined by protein sequencing in the 1960s (Walsh et al. 1964) ; and the three dimensional structure of bovine trypsin was solved in the 1970s (Huber et al. 1974; Stroud, Kay, and Dickerson 1974) . The wealth of structural and functional information also made trypsin(ogen) a good model for studying gene and protein evolution (e.g., Hartley et al. 1965; Neurath 1984) .
A number of early studies examined the role of the trypsinogen activation peptide, an Nterminal short sequence that is hydrolyzed as the first step in the activation process of trypsinogen. As early as in the 1950s, bovine trypsinogen was shown to be activated through cleavage of an N-terminal hexapeptide, Val-Asp-Asp-Asp-Asp-Lys †Ile, by both bovine trypsin (autoactivation) (Davie and Neurath 1955) and by its physiological activator, enteropeptidase (enterokinase) (Yamashina 1956 ). The unusual four aspartyl residues (Asp 4 ) preceding the cleavage bond Lys23-Ile24 (human trypsinogen numbering is used throughout the text) was found to be strictly conserved in trypsinogen activation peptides of pig (Charles et al. 1963), sheep (Schyns, Bricteux-Gregoire, and Florkin 1969) , and other mammals (e.g., BricteuxGregoire, Schyns, and Flokin 1972) including the human (Guy et al. 1976; 1978) . However, this is not always the case in non-mammalian vertebrates (e.g., de Haen, Walsh, and Neurath 1977) . 4 More recently, a comparative analysis of trypsinogen activation peptides suggested that there might be a progressive increase in selective pressure for such acidic residues during the course of vertebrate evolution (Roach et al. 1997 ).
Nevertheless, the initial observation that the Asp 4 sequence was conserved in the bovine, porcine, and ovine trypsinogen activation peptides stimulated studies on its role in the mechanism of trypsinogen activation. Qualitative studies using small synthetic peptides indicated that Asp 4 slowed significantly the hydrolysis of the Lys23-Ile24 bond by bovine trypsin (Abita, Delagge, and Lazdunski 1969) but enhanced the action of enteropeptidase (Maroux, Baratti, and Desnuelle 1971) . These results suggested that while Asp 4 might play a protective role against occasional activation of the zymogen within the pancreas (Abita, Delagge, and Lazdunski 1969) , it must constitute the signal for specific activation of trypsinogen by enteropeptidase in the duodenum (Maroux, Baratti, and Desnuelle 1971) .
Recent advances in two different areas have provided unique opportunities for an in-depth evaluation of this important issue. On the one hand, two pancreatitis-associated mutations K23R (Ferec et al. 1999 ) and D22G (Teich et al. 2000) were identified in the activation peptide of human cationic trypsinogen (Online Mendelian Inheritance in Man [OMIM] 276000; http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM). On the other hand, a large number of trypsinogen sequences have been isolated from phyla and species which extend over the whole range of evolution from bacteria to mammals (reviewed in Halfon and Craik 1998) . While analyzing the effects of disease-associated mutations is helpful in understanding the evolutionary forces that have shaped gene products, comparative genomic analysis traces the evolutionary patterns and processes that affected those genes in the past. The two types of information are complementary, and their integration results in a clearer picture about gene evolution. This work represents such an attempt. We analyzed the functional consequences of a newly identified activation peptide mutation, D19A, as well as the previously found D22G and K23R mutations in recombinant human cationic trypsinogen. The functional data together with a comprehensive 5 sequence comparison shed further light on the molecular evolution and biology of trypsinogen activation peptides.
MATERIALS AND METHODS

Mutation Nomenclature
Mutations were named according to their actual position in the native, wild-type human preproenzyme (i.e. pretrypsinogen; see Fig. 1 for a brief introduction to the biogenesis of trypsin). A description of the new standard system with the translation initiator methionine numbered as 1 and its conversion to the conventional chymotrypsin numbering system can be found in Figure 1 in Chen and Ferec (2000) .
Plasmids and Mutagenesis
Construction of the pTrap-T7 expression plasmid harboring the wild-type human cationic trypsinogen gene was described previously (Sahin-Tóth 2000; Sahin-Tóth and Tóth 2000).
Mutations D19A, D22G and K23R were introduced by linker mutagenesis. Synthetic linkers carrying given mutations were ligated into the pTrap-T7 expression plasmid between restriction sites Nco I and EcoR I.
Expression and Purification of Trypsinogen
Small scale expression and in vitro refolding of human cationic trypsinogen and mutants D19A, D22G and K23R were carried out as reported previously (Sahin-Tóth 2000; 2001; SahinTóth and Tóth 2000) . Concentrations of zymogen solutions were measured from their ultraviolet absorbance using a calculated extinction coefficient of 36,160 M -1 cm -1 at 280 nm. The activation peptide sequence of recombinant zymogen preparations used in this study was MetAla-Pro-Phe-(Asp) 4 -Lys.
Trypsinogen Autoactivation
Aliquots of wild-type or mutant human cationic trypsinogen (2 µM final concentrations)
were incubated at 37 o C in 0.1 M Tris-HCl (pH 8.0) or 0.1 M Na-acetate buffer (pH 5.0), in the absence or presence of 1 mM CaCl 2 in a final volume of 100 µL. At indicated times 2.5 µL 6 aliquots were removed for trypsin activity assays. Trypsin activity was determined using the synthetic chromogenic substrate N-CBZ-Gly-Pro-Arg-p-nitroanilide (Sigma, St. Louis, Missouri, USA) at 140 µM final concentration. Kinetics of the chromophore release was followed at 405 nm in 0.1 M Tris-HCl (pH 8.0), 1 mM CaCl 2 , at 22 o C. To prevent non-specific binding of trypsinogen to tube walls at pH 5.0, bovine serum albumin (2 mg/mL) was included in the activation mixtures (see Fig 4A in Kukor et al. 2002a ).
Activation of Recombinant Trypsinogen with Enteropeptidase
Under conditions that are optimal to assay enteropeptidase activation, the trypsinogen mutants studied here exhibited a strong tendency for autoactivation. To minimize this confounding factor, enteropeptidase activation was determined by continuous monitoring of trypsin generation at dilute trypsinogen concentrations, as described previously (Sahin-Tóth 2000) . Approximately 100 nM wild-type or mutant cationic trypsinogen (final concentrations)
were mixed with 100 ng/mL enteropeptidase (final concentration) in a microplate well 
Acquisition of Trypsinogen Activation Peptide Sequences
Trypsinogen activation peptide sequences were mainly collated from major online protein databanks. The sequences were identified by searching with the keywords "trypsin" and "trypsinogen" separately in both GenBank (http://www.ncbi.nlm.nih.gov/) and SWISS-PROT (http://ca.expasy.org/sprot/). In addition, several vertebrate activation peptide sequences were gathered through an extensive search of the literature. To identify the functionally most relevant trypsinogen genes, target sequences were manually evaluated and selected for comparative analysis based upon the following criteria.
First, only genes that have been physically identified at the mRNA and/or protein level were included. Second, if more than three trypsinogen genes were physically identified in a species, usually the first reported three were included for sequence comparison. Finally, all of the "rapidly-evolving" group III trypsinogen genes in cold-adapted fishes (Roach 2002 and references therein) were treated separately.
Uncertainties or mistakes in the designation of certain activation peptides were resolved or corrected by predicting the cleavage site for the removal of the signal peptide using the computer program SignalP V2.0.b2 (http://www.cbs.dtu.dk/services/SignalP-2.0/; Nielsen et al. 1997 ) and by multiple sequence alignments using ClustalW (http://www.ebi.ac.uk/clustalw/).
RESULTS AND DISCUSSION
Identification of a New Pancreatitis-Associated Activation Peptide Mutation in the Human
Cationic Trypsinogen
Chronic pancreatitis has long been presumed to be an autodigestive disease, in which prematurely activated trypsin within the pancreas plays a critical role in initiating pancreatic autodigestion. This notion received strong support when a missense mutation, R122H, in the human cationic trypsinogen was found to cause hereditary pancreatitis, a rare form of chronic pancreatitis (Whitcomb et al. 1996) . The R122H mutation eliminates the primary autolysis cleavage site of trypsin that was postulated to act as an important "self-destruct" defensive mechanism against prematurely activated trypsin. In addition, the R122H mutation was shown to stimulate autoactivation of cationic trypsinogen . Similarly, further hereditary pancreatitis-associated mutations identified in the cationic trypsinogen are also believed to be "gain-of-function" mutations that may enhance trypsinogen autoactivation and/or inhibit trypsin degradation within the pancreas (for recent reviews see Chen, Montier, and Férec 2001; Sahin-Tóth 2001; Schneider and Whitcomb 2002) . In our routine screening for pancreatitis-associated genetic risk factors, a novel mutation termed D19A (GenBank Accession number AY234116) was found in the activation peptide sequence of the human cationic trypsinogen gene from a 27-year-old white French patient with chronic pancreatitis. Details on patient information and mutation identification are available in the Online Supplementary Material. Fig. 1 indicates the location of the D19A mutation and the two previously found D22G and K23R mutations in the trypsinogen activation peptide.
Functional Analysis of the D19A, D22G, and K23R Activation Peptide Mutants in the
Context of Recombinant Human Cationic Trypsinogen
Early studies on the bovine trypsinogen activation peptide were performed using small synthetic peptides as models (Abita, Delagge, and Lazdunski 1969; Maroux, Baratti, and Desnuelle 1971) . 2001; Kukor et al. 2002a; 2002b; Simon et al. 2002) . It was further employed in the present study to analyze the functional effects of the three activation peptide mutations.
Effects of the Three Activation Peptide Mutations on Trypsinogen Autoactivation
We first analyzed the effects of the three activation peptide mutations on trypsinogen autoactivation. As shown in Fig. 2A , at pH 8.0, all three activation peptide mutations significantly increased autoactivation of human cationic trypsinogen. Increased activation was particularly striking with mutations D22G and K23R. Addition of 1 mM Ca 2+ stimulated autoactivation of wild-type trypsinogen and mutant D19A (Fig. 2B ). In contrast, only a slight stimulation was evident with mutant K23R, while autoactivation of mutant D22G was marginally inhibited by the divalent cation. The effect of the mutations on autoactivation was 9 also examined at pH 5.0 (Fig. 2C) , since hereditary pancreatitis-associated mutations studied previously caused increased autoactivation rates in an acidic milieu (Sahin-Tóth 2000; 2001;
Sahin-Tóth and Tóth 2000; Szilágyi et al. 2001) . Again, all three mutations increased autoactivation, although the stimulation by mutation D19A was less pronounced at this pH.
Our results on recombinant trypsinogens are complimentary with previous peptide studies. Model peptides that contain neutral residues in place of the Asp residues are cleaved by trypsin with increased efficiency (Delaage et al. 1967; Abita, Delagge, and Lazdunski 1969; Teich et al. 2000) ; chemical modifications that abolish the charge on the carboxylates increase trypsinogen activation by trypsin (Radhakrishnan, Walsh, and Neurath 1969) ; millimolar concentrations of Ca
2+
, which binds to the activation peptide and shields the negative charges, also increase trypsinogen activation (Radhakrishnan, Walsh, and Neurath 1969; Sahin-Tóth 2000; Sahin-Tóth and Tóth 2000) . These observations, taken together, suggested that mutations that neutralize any of the Asp 4 residues in the activation peptide are expected to cause increased autoactivation of trypsinogen. The more marked effect of the D22G mutation compared with the D19A mutation is readily explained by its proximity to the Lys23-Ile24 scissile bond.
Our finding that the K23R mutant trypsinogen exhibited dramatically increased autoactivation is consistent with the known Arg preference of trypsin. A model peptide carrying the K23R substitution was also cleaved by trypsin at an enhanced rate (Teich et al. 2000) . The primary (S1) specificity pocket of trypsin interacts with positively charged side-chains, such as Lys or Arg. Trypsin has a 2-to 10-fold preference for Arg over Lys at the P1 position of peptide substrates (Craik et al. 1985) . The structural basis for this phenomenon is the stronger interactions of the Arg side chain with Asp194 at the bottom of the specificity pocket. Thus, the guanidinium group of a P1 Arg can form direct interactions with the carboxylate group of Asp194, while the contact between the amino group of a P1 Lys and Asp194 is mediated by a water molecule. In addition, the observation that Ca 2+ does not cause significant further 10 stimulation of autoactivation in the K23R mutant also suggests that the perfect geometry of the Arg23-Asp194 P1-S1 interaction counteracts the inhibitory effect of the tetra-aspartate residues.
In summary, functional characterization of the three pancreatitis-associated activation peptide mutations confirmed the hypothesis that the evolutionarily conserved, negatively charged tetra-aspartate sequence in mammalian trypsinogens protects against trypsinogen autoactivation within the pancreas (Abita, Delagge, and Lazdunski 1969) . The use of Lys instead of Arg at the P1 position of human cationic trypsinogen activation peptide also proved to have such a protective effect.
Effects of the Three Activation Peptide Mutations on Trypsinogen Activation with Enteropeptidase
It is possible that the well-conserved Asp 4 sequence in mammalian trypsinogen activation peptides is strongly selected for enteropeptidase recognition. Thus we also analyzed the effects of the three activation peptide mutations on activation of trypsinogen by the physiological activator enteropeptidase. In these experiments trypsinogen was incubated with bovine enteropeptidase in the presence of a synthetic trypsin substrate (N-CBZ-Gly-Pro-Arg-pnitroanilide) and development of trypsin activity was continuously monitored by following release of the yellow p-nitroanilide. In this assay trypsinogen concentrations were relatively low, thus interference from autoactivation was less likely to occur. As shown in Fig. 3 , at pH 8.0 in 1 mM Ca 2+ , the D19A mutation had no significant effect on enteropeptidase activation. In contrast, mutation K23R stimulated, while the D22G mutation almost completely inhibited enteropeptidase-mediated trypsinogen activation.
These results are largely consistent with an early study showing that cleavage by enteropeptidase requires two acidic residues at P2 and P3 in addition to a Lys or an Arg at P1.
Replacement of Asp by alanine at P2 and P3 completely inhibited the action of enteropeptidase.
An acidic residue at P4 was less essential since its replacement by valine merely reduced the affinity of enteropeptidase for the peptide substrate (Maroux, Baratti, and Desnuelle 1971) . The 11 crystal structure of the enteropeptidase catalytic subunit provided insight how the activation peptide of trypsinogen might interact with the activator enzyme (Lu et al. 1999) . The critical interaction is a salt-bridge formed between Lys99 of enteropeptidase (chymotrypsin numbering) and Asp-P2 and Asp-P4 of the trypsinogen activation peptide. In addition, Asp-P3 forms a hydrogen bond with Tyr174 on enteropeptidase. Thus, out of the four Asp residues only three appear to be essential for enteropeptidase recognition. In complete agreement with these structural indications, the D22G mutant, which is unable to form the critical salt-bridge, was very poorly activated by enteropeptidase and the D19A mutant had essentially no effect on enteropeptidase activation. In contrast, activation of K23R was increased, in all likelihood due to the better fit of the Arg side chain into the primary specificity pocket of enteropeptidase. Table 1 is a summary of currently available trypsinogen activation peptide sequences we collated from major databanks and original publications. Since trypsinogens found in bacteria and fungi do not possess a "typical" activation peptide, only two representative sequences, one from the bacterium Streptomyces griseus and one from the mold Fusarium Oxysporum, were included in the table. In addition, although multiple trypsinogen genes are present in several insects, nearly all insect trypsinogen activation peptides terminate in Gly at P2 and Arg at P1, therefore, only one sequence from Drosophila melanogaster was listed.
Integration of Functional Characterization of Disease-Associated Mutations with Comparative Sequence Analysis of Trypsinogen Activation Peptides
Stepwise Evolution of Trypsinogen Activation Peptides from Bacteria to Mammals
Since trypsin was first isolated from the cattle, it has been identified in a wide range of species including mammals, birds, amphibians, true fishes, dogfish, sea lamprey, urochordates, crustaceans, insects, fungi, and bacteria (Table 1 ). The fact that homology between the bacterial Streptomyces griseus trypsin and mammalian trypsins is higher than between trypsin and related enzymes within Streptomyces griseus has once led to a hypothesis that a gene transfer has taken place from a mammal to a bacterium (Hartley 1970; 1979) . However, later structural and 12 phylogenetic analysis established that there was a continuous evolutionary divergence of trypsin from a common ancestor of both prokaryotes and eukaryotes and thus resolved the question of the origin of trypsin in prokaryotes (Rypniewski et al. 1994 and references therein). Apparently, this is also the case in the molecular evolution of trypsinogen activation peptides, as will be discussed in the following sections.
Lys in the P1 Position Has Evolved to Minimize Trypsinogen Autoactivation
As shown in Table 1 , trypsinogen activation peptides in bacteria and fungi contain no Lys or Arg residues at the P1 position. Consequently, they are not capable of auto-catalyzing their own activation. Although these trypsins are significantly different from the pancreatic trypsins of mammals, they can hydrolyze synthetic peptide substrates having arginine or lysine at the P1 position and can be inhibited by typical trypsin inhibitors (e.g., Lee, Kang, and Kim 1998) .
All other species, with the exception of the sea lamprey, have evolved the auto-activating property within trypsinogen, characterized by the presence of Lys or Arg as the P1 residue in their activation peptides. At the present time, it is not clear why trypsinogens adapted the ability to autoactivate, although one may speculate that this may be a mechanism initially evolved for activating trypsinogen. In support of this view is the observation that in fungi, insects, and crustaceans, trypsinogen activation peptides lack an acidic residue at P2 (Table 1) and thus may not be recognized by enteropeptidase.
Nevertheless, based upon the absence of an Arg-P1 residue in the vast majority of trypsinogen activation peptides (Table 1) ; the biochemical and structural data demonstrating the preference of trypsin for Arg over Lys; and the association of the K23R mutation in the human cationic trypsinogen with pancreatitis, it seems reasonable to conclude that Lys at P1 has evolved to minimize autoactivation within the pancreas. In contrast, the selective use of Lys at P1 is clearly not critical for enteropeptidase recognition, since an activation peptide having Arg at P1 is more readily activated by enteropeptidase. This evolutionary scenario suggests that even a minor increase in trypsinogen autoactivation within the pancreas may be potentially dangerous, 13 while a small decrease in affinity for enteropeptidase is inconsequential due to its high catalytic activity and relative abundance in the duodenum.
An intriguing exception in the evolution of trypsinogen activation peptides is observed in the sea lamprey, one of the most primitive vertebrates. Strikingly, all of its five trypsinogen activation peptides end in a histidine (see Table 1 ), a residue after which trypsin or enteropeptidase cannot cleave. As suggested by Roach et al. (1997) , this exception may be associated with the sea lamprey's life cycle, during which adults can go months to years without eating. Therefore, there may exist a different, tightly controlled mechanism for trypsinogen activation in the sea lamprey. Alternatively, these trypsinogens may not be activated, indicating a possible divergence from the digestive function of trypsins, analogous to the group III trypsinogens of cold-adapted fishes (discussed later).
The Asp 4 Sequence in Mammalian Trypsinogen Activation Peptides Has Evolved to Inhibit Autoactivation and to Enhance Enteropeptidase Cleavage
The comprehensive comparative analysis of trypsinogen activation peptides performed in this study revealed how the Asp 4 sequence strictly conserved in mammalian trypsinogen activation peptides has evolved progressively. As indicated in Table 1 , the insect and crustacean activation peptides do not possess an acidic residue immediately before Lys-or Arg-P1. The two urochordates, tunicate and star ascidian, have an Asp residue at P2. Additional Asp residues have gradually evolved during the course of vertebrate evolution: two in the sea lamprey, three or four in fishes, amphibians, and birds, and strictly four in the mammals. The adaptation and subsequent increase of the number of Asp residues preceding the Lys23-Ile24 cleavage bond is associated with a progressively decreased tendency to autoactivate, as evidenced by available biochemical and structural data on wild-type, D19A and D22G mutant trypsinogens.
An interesting exception to the rule is the presence of the Asp 4 motif in the primitive vertebrate dogfish. We could not exclude the possibility that the common ancestor of the dogfish and Osteicthyes possessed the tetra-aspartyl sequence in its trypsinogen activation peptide.
14 Nevertheless, based upon the general evolutionary pattern of trypsinogen activation peptides from bacteria to mammals, we believe that the presence of the Asp 4 sequence in the dogfish is a coincidence. Alternatively, this may be due to convergent evolution resulting from common selective pressures. Additional trypsinogen activation peptide sequences from the most vertebrate-like invertebrates such as hagfish and Amphioxus and other species of Chondrichthyes may help to clarify this issue.
Fixed Substitutions in Key Residues of Trypsinogen Activation Peptides May Suggest the Evolution of New Functions
The pancreatitis-associated activation peptide mutations are rare alleles in the population that are constantly selected against. However, fixed substitutions in the key residues of the trypsinogen activation peptide may suggest the evolution of new functions unrelated to digestion.
Vertebrate trypsins have been classified into two groups according to their genomic location and, to a lesser degree, their charge at physiologic pH. Group I trypsins are usually, but not always, anionic at physiologic pH; while group II trypsins are usually, but not always, cationic at physiologic pH (Roach 2002 and references therein). However, some trypsin sequences determined from fishes that spend all or part of their lives at temperatures near 0 o C cannot be classified into either of these two groups and were designated as group III (Table 2) . Table 2 , the group III trypsinogen activation peptides are characterized by the presence of an Arg at P1 and a deletion or a substitution of Asp at P2, which distinguishes them from the other fish trypsinogens, whose activation peptides terminate with an invariable Lys at P1 and contain at least three acidic residues immediately before P1 (Table 1) . The deletion of a wellconserved Asp residue in the Japanese flounder trypsinogen versus the substitution of Asp by
Gly at P2 in the other five species (Table 2) is consistent with the separation of the former trypsin from the five clustered trypsins in multidimensionally scaled trypsin pairwise molecular distances (See Fig. 3 in Roach 2002) . In addition, the fact that the activation peptides in group III trypsinogens have two adjacent acidic residues supports the view that group III trypsins have a common ancestor with other vertebrate trypsins.
Interestingly, the key substitutions in the group III trypsinogen activation peptides are
Asp to Gly at P2 and Lys to Arg at P1 with respect to the other fish trypsinogens and the mammalian trypsinogens. Since Gly-P2 and Arg-P1 are present only in insect and salmon louse trypsinogens (Table 1 ) and the D22G and K23R mutations in the human cationic trypsinogen have been associated with pancreatitis, it appears that group III trypsinogens are dangerous to the organism. We believe that concomitant evolutionary changes within the trypsin sequence might have counteracted the potentially deleterious effects of the new activation peptides. As a result, the group III "trypsins", whose primary structure is notably different from those of the other fish trypsins, might function differently than the classic pancreatic trypsins. Therefore, it is important to make a distinction between rare alleles that encode functional digestive trypsinogens and fixed alleles that may have evolved new functions, possibly unrelated to digestion.
CONCLUSION
In summary, we reported a new pancreatitis-associated activation peptide mutation, position has also an advantageous effect against trypsinogen autoactivation. Furthermore, we provided evidence that fixed substitutions in the key residues of the trypsinogen activation peptide may suggest the evolution of new functions. Finally, more information on the structure, function and evolution of enteropeptidase is essential to have a full picture of the molecular evolution of trypsinogen activation peptides, the evolution of the P1 and P2 positions in particular. Chen, DeVries, and Cheng (1997) "Pufferfish has two group III trypsinogens (International Fugu Sequencing Consortium, unpublished data)," as noted by Roach (2002) .
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